Seeds MC. Surfactant protein B inhibits secretory phospholipase A 2 hydrolysis of surfactant phospholipids.
which maintain airway patency by lowering alveolar surface tension and thus reduce the work of breathing (54) . Phosphatidylcholine (PC) and phosphatidylglycerol (PG) make up 90% of the total PL, comprising ϳ80% and 10% of human surfactant PLs, respectively. The principal nonlipid surfactant components are proteins. Surfactant protein A (SP-A) is a large, hydrophilic member of the collectin family of proteins and recognizes a variety of microbial ligands (16, 31) . As such, SP-A serves a principal role in innate immunity and contributes to the surface activity and structural stability of surfactant (49, 50) . SP-B and SP-C, two smaller, highly conserved, hydrophobic proteins, appear intimately associated with maintenance of the dynamic changes in the physical state of surfactant PLs (16, 24) and facilitate the absorption and spreading of PL to form the surface film with each breath cycle (34, 40) . SP-B interactions with PG, the most abundant anionic surfactant PL, are particularly important in the maintenance of film function (7, 34) . Deficiency of SP-B in humans with congenital SP-B mutations or in knockout mouse models is lethal, and low levels of SP-B correlate with risk of development of acute respiratory distress syndrome (ARDS) in humans (8, 14, 36) .
Our laboratory and others have reported on the role of secretory phospholipases (i.e., sPLA 2 ) in inflammation-mediated surfactant dysfunction in both ARDS and asthma (2, 44) . The sPLA 2 s are a large family of phospholipases that hydrolyze PLs at the sn-2-acyl position, generating lysophospholipids and free fatty acids (26) . These enzymes have a wide but differential tissue distribution including airway epithelium, alveolar macrophages, and emigrating leukocytes such as neutrophils (5, 13, 33, 45) . Thus stimulation of these cells in the inflamed lung can lead to increased extracellular sPLA 2 levels and subsequent hydrolysis of pulmonary surfactant, which would cause surfactant dysfunction.
During respiratory cycles, pulmonary surfactant exists in interrelated physical states including monomolecular films, collapsed subphases, and vesicles in the epithelial lining fluid between the film and the airway epithelial cell apical surface (18) . All of these surfactant pools are possible targets of sPLA 2 -mediated damage. In vivo, the degree of surfactant damage caused directly by sPLA 2 is dependent on the extent and nature of hydrolysis. This hydrolysis appears partially dependent on the presence of SPs. For example, the hydrophilic SP, SP-A, has been shown to inhibit sPLA 2 -mediated surfactant hydrolysis (6) , but little is known regarding SP-B effects on sPLA 2 . SPs may be depleted in acute lung injury (ALI) and ARDS (14, 43) . Such depletion may alter the balance of sPLA 2 -mediated hydrolytic damage to surfactant in patients with ALI/ARDS.
In this study, we hypothesized that the hydrophobic SP, SP-B, will also inhibit the sPLA 2 -mediated hydrolysis of surfactant PLs in models of both surfactant aggregates and monomolecular films.
MATERIALS AND METHODS

Surfactants
Survanta (Ross Laboratories, St. Louis, MO) was donated (R. Dillard, Dept. of Neonatology, Wake Forest University Health Science). Ovine surfactant (OS) was obtained by whole lung saline lavage from female sheep (ϳ50 kg) immediately after euthanasia in a protocol approved by the Institutional Animal Care and Use Committee. Native OS was prepared by centrifugation at 40,000 g for 1 h and washed twice with normal saline, aliquoted, and stored at Ϫ70°C (21). Organic lipid extraction was performed on aliquots of the OS (4), providing a preparation of surfactant PLs containing endogenous hydrophobic SPs. Total protein content of animal surfactant preparations (pellets after ultracentrifugation) were measured using the BCA protein assay (Pierce, Rockford, IL) and reported as mg/mg of PLs. Levels of specific SPs, such as SP-A and SP-B, were not measured in these preparations.
PLs
Dipalmitoylphosphatidylcholine (DPPC), 1-palmitoyl-2-oleoylphosphatidylcholine (POPC), and 1-palmitoyl-2-oleoyl-phosphatidylglycerol (POPG) were purchased from Avanti Polar Lipids (Alabaster, AL). For all experiments these lipids were mixed from chloroform stocks in a ratio of 40:40:20 (4, 10) . All PLs (with and without addition of SP-B) were mixed in CHCl 3: MeOH (90:10) before either drying and suspension in an aqueous buffer (vesicle experiments) or direct application onto an aqueous subphase (monolayer experiments). The resulting vesicles (composed of only PLs) were examined by dynamic light scatter (Malvern Instruments, Westborough, MA) and comprised a population with mean diameter of 140 nm (range of 50 -500 nm, not shown).
SPs
The hydrophobic SP, SP-B, was purified from bovine lung surfactant extract (BLES) using column chromatography and identified with SDS-PAGE and amino acid sequencing (41, 52) . The hydrophilic SP-A was purified from lung lavage obtained from humans with alveolar proteinosis per the methods of Haagsman et al. (17) . Oxidized SP-B was prepared by treatment of BLES with hypochlorous acid before purification of the SP-B as described via LH-20 chromatography (30, 42) . Protein levels for purified SP-B and oxidized SP-B were quantified using a modified Lowry procedure (29) containing optimal SDS (30, 53) ; BLES oxidation did not impact protein quantification. All SP-A and SP-B preparations were provided by Drs. F. Possmayer and R. Veldhuizen. (51) . Mixing of oxidized SP-B to PL produced a complex mixture of vesicles with a predominant population of larger vesicle size (1,500 -1,900 nm diameter) with two additional vesicle populations at 165 nm and Ͼ5,000 nm diameters (not shown).
Mixing of Labeled PLs and SPs
Phospholipases
Bovine Group IB sPLA 2 (PLA2G1B) was purchased from Sigma Chemical (St. Louis, MO) with enzyme amounts reported in U/ml using hydrolysis of soy PC as a standard substrate. Group IIA sPLA2 (PLA2G2A) was cloned as described (21, 45) and expressed by transient transfection in Cos 1 cells (ATCC, Manassas, VA). Conditioned tissue culture media was fractionated over heparin Sepharose (4 ϫ 5 ml HiTrap Heparin HP; GE Healthcare Biosciences, Uppsala, Sweden) by elution with a gradient of 0.250 -2 M NaCl in 50 mM Tris buffer, pH 7.5. The active fractions were identified by hydrolysis of radiolabeled E. coli membranes as described (21) , pooled, dialyzed against 5 mM Tris-buffered saline, pH 7.5, and concentrated over an Amicon YM3 stirred cell membrane (Millipore, Billerica, MA). The enzyme was further fractionated over a C4 column (Phenomenex) with elution on a 5-60% acetonitrile gradient with 0.1% trifluoroacetic acid. Active fractions were pooled, dialyzed against 5 mM Tris saline pH 7.5, and concentrated again over a YM3 membrane. sPLA 2 have different affinities for PL substrate head groups (23, 47) , and PLA2G2A does not favor hydrolysis of pure PC vesicles used to define units of activity for the commercially available PLA2G1B; therefore PLA2G2A enzyme activity was measured and defined against E. coli-containing radiolabeled oleic acid predominantly in the PG fraction (23) . Thus, one E. coli unit equals 2,500 pmol E. coli PL hydrolyzed in 1 h (23) by fractionated PLA2G2A containing ϳ570 pg of PLA2G2A as measured by enzyme immunoassay (Cayman Chemical, Ann Arbor, MI).
Hydrolysis of OS, Survanta, and PL Vesicles
For the majority of experiments, the surfactants in 5 mM Trisbuffered saline pH 7.4 with 5 mM CaCl 2 were incubated with Group IB sPLA2, (PLA2G1B, bovine group IB sPLA2; Sigma Chemical) in concentrations ranging from 0.1-20 U/ml, for 2 h at 37°C. Experiments using PLA2G2A were performed using 450 E. coli U/ml and gave comparable hydrolysis when compared with 2 U/ml of PLA2G1B. After hydrolysis, samples underwent organic lipid extraction (4) and then separation of intact PLs from either [
3 H]-lyso-PG or [ 3 H]-oleate using selective TLC systems (23) . Fractions were scraped and analyzed for hydrolysis using the percentage of total radioactivity recovered in the lyso-PG (PG hydrolysis) and free fatty acid (PC hydrolysis) fractions.
Hydrolysis of Monomolecular Films
PL mixtures were loaded directly onto an aqueous subphase (5 mM Tris-buffered saline pH 7.4 with 5 mM CaCl 2) in a Langmuir Blodgett trough with a platinum Wilhelmy plate (KSV, Helsinki, Finland). Experiments were conducted in two separate troughs: 1) a 17-mm radius trough with a subphase injection port and magnetic stirring bar for experiments on PL films before compression, and 2) a 150 mm ϫ 35 mm isometric trough for hydrolysis experiments after compression and reexpansion of the PL film. Both systems were loaded to a target pressure of 15-30 mN/m, and 10 min was allowed for solvent evaporation. In the isometric trough, the film was compressed using a movable barrier until the collapse pressure of 55-60 mN/m was reached, and 5 min was allowed for reequilibration of the film. The barrier was then moved back to decrease the pressure to 40 mN/m. After stable baselines were recorded for 20 min, the enzyme was injected under the film. The subphase contained 0.9 mM ␤-cyclodextrin, which binds free fatty acids and lysophospholipids from the air liquid interface posthydrolysis. All monolayer studies were performed at room temperature. Rates of hydrolysis were measured using the rate of change in surface pressure, minus the baseline rate (mN/m per min), after injection of group IB sPLA 2 into the subphase buffer.
Statistical Analysis
Results of hydrolysis and SP-B inhibition of hydrolysis were evaluated with Student's paired t-tests with a minimum of three repetitions completed for each experimental condition. Data shown are means Ϯ SD.
RESULTS
Comparison of Surfactant Preparations With Varied Protein Content
Initially, three models of surfactant, each with different levels of endogenous SPs, were used to test the hypothesis that hydrophobic SP-B could modulate sPLA 2 -mediated hydrolysis of surfactant PLs.
Endogenous SP-B in animal surfactants. In the first model, OS was harvested, washed repeatedly, and used intact (native) or after extraction with organic solvents, which depletes the surfactant PL of the hydrophilic protein, SP-A. Native and extracted OS were then compared with Survanta, a commercial preparation of extracted bovine surfactant, which contains no hydrophilic SPs, some hydrophobic SP-C, but very low levels of SP-B (32, 37) .
PG hydrolysis by PLA2G1B increased with enzyme concentration in each surfactant preparation. However, PG hydrolysis was highest in the Survanta relative to both the native and extracted OS (Fig. 1A , P Ͻ 0.05). Survanta contained the lowest levels of protein in the surfactant pellets (0.02 mg protein/mg PL), with extracted OS containing 0.04 mg protein/mg PL and native OS containing the highest at 0.17 mg protein/mg PL, including both hydrophilic and hydrophobic SPs. Hydrolysis of PC-labeled surfactants in Survanta vs. extracted and native OS produced results similar to PG (Fig.  1B) , with both native and extracted OS showing significantly lower hydrolysis than Survanta. Of note, the lower percentage of hydrolysis in this fixed time point experiment is significantly influenced by the approximately fourfold higher PC content of the surfactants relative to PG.
Supplementation of animal surfactant with SP-B. To study more directly the effect of SP-B on sPLA 2 hydrolysis of surfactant PLs, SP-B was reconstituted into Survanta. PG hydrolysis by all concentrations of sPLA 2 tested was significantly decreased in Survanta supplemented with 1% SP-B compared with pure Survanta alone (23.5 Ϯ 4.3% hydrolysis vs. 67.5 Ϯ 7.4% at 1 U/ml sPLA 2 , P Ͻ 0.001, Fig. 2A) . Similarly, hydrolysis of PC-labeled surfactant was significantly inhibited by the addition of 1% SP-B at all but the lowest PLA2G1B concentrations tested (Fig. 2B) . Inhibition of sPLA 2 -mediated PG hydrolysis by SP-B is concentration dependent, increasing over the range of 0.001-0.01 mg SP-B protein/mg PL (Fig. 3) . Of note, the inhibition seen with 1% SP-B appears greater than that seen for 10% SP-A (Fig. 3) , which are concentrations that are believed to be at or near concentrations in human alveolar surfactant.
SP-B supplementation of pure PL mixtures. As Survanta is a complex mixture of PLs, free fatty acids, and some residual SPs, the hydrolysis experiments were repeated with sonicated vesicles of DPPC:POPC:POPG (40:40:20 mol ratios) that were trace labeled with either PC or PG, and incubated with PLA2G1B. Similar to the results using labeled Survanta, hydrolysis of PG ( Fig. 2A) and PC (Fig. 2B) were significantly inhibited by the presence of 1% SP-B at all sPLA 2 concentrations examined. Thus, in all models of surfactant vesicles, including three different surfactant preparations, SP-B inhibited hydrolysis of PG and PC by PLA2G1B.
To demonstrate that inhibition of hydrolysis by SP-B was not unique to PLA2G1B, we investigated the effects of SP-B on a second sPLA 2 , PLA2G2A. We and others have identified Fig. 1 . Group IB secretory phospholipases A2 (sPLA2) (PLA2G1B) hydrolysis of phosphatidylglycerol (PG) and phosphatidylcholine (PC) in ovine surfactants (OS) and Survanta. PG hydrolysis (A) and PC hydrolysis (B) were measured in 3 surfactant preparations of varying protein content. PLA2G1B enzyme hydrolysis of surfactant phospholipids (PL) was lower in native sheep surfactant, which contained 0.17 mg protein/mg PL, compared with organically extracted sheep surfactant with 0.04 mg protein/ml PL, and to Survanta with 0.02 mg protein/ml of PL. *P Ͻ 0.05 compared with Survanta at the same sPLA2 concentration.
PLA2G2A to be elevated in the bronchoalveolar lavage fluid of ALI/ARDS subjects (25, 44) . We compared the impact of 1% SP-B on PLA2G1B to PLA2G2A at enzyme levels that gave comparable hydrolysis of the DPPC:POPC:POPG PL vesicle mixture, repeating the design of experiments shown in Fig. 2 . Hydrolysis of PG in the vesicles by either enzyme was significantly inhibited by addition of 1% SP-B (Fig. 4) .
Effect of SP-B on Hydrolysis of PL in Monomolecular Films
In the lung, surfactant forms an expandable film at the alveolar air liquid interface, which provides a different biophysical form for sPLA 2 hydrolysis relative to the aggregates examined above. We used a Langmuir Blodgett trough with a Wilhelmy balance to measure sPLA 2 hydrolysis of surfactant films in vitro. Hydrolysis is shown as a change in surface pressure resulting from desorption of the reaction products, free fatty acids, and lysophospholipids from the film and binding to the ␤-cyclodextrin in the aqueous subphase. Surface pressure impacts the density of PL packing and regulates penetration of the phospholipase into the film. Initial experiments revealed that sPLA 2 lung as components of the surfactant are expelled from the films and new components are included, we did experiments to determine whether SP-B would inhibit sPLA 2 in a film first compressed to its collapse pressure and then reexpanded to a lower surface pressure. Figure 6 shows the action of sPLA 2 on such films. Hydrolysis of PL is first seen at pressures in the 24 -27 mN/m range, increasing to maximum at around 21-24 mN/m. In the presence of SP-B, no hydrolysis was seen until the pressure decreased to 15-18 mN/m. The apparent maximal rates of change in surface pressure with and without SP-B were roughly equal (ϳ0.5-0.6 mN/m per min). However, it must be emphasized that the pressure changes measured in these experiments are used as surrogate measures for PL hydrolysis but are not quantitatively equivalent to enzymatic rates. More specifically, the surface PL concentration (density) of the film at the lower pressure (12-15 mN/m) when maximum pressure reduction is seen in the experiments with SP-B is roughly 65% that of the PL density (0.99 ϫ 10 12 mol/cm 2 with SP-B vs. 1.55 ϫ 10 12 without SP-B) at the higher pressure (21-24 mN/m) when maximal hydrolysis is achieved in the absence of SP-B. These results suggest that the inhibitory effects of SP-B in compressed and spread films may be mediated through reduction of the surface pressure threshold at which sPLA 2 can bind to and/or hydrolyze its PL substrates.
Effect of Oxidized SP-B on Its Inhibition of sPLA 2 Hydrolysis of Surfactant
SPs can be oxidized by reduced oxygen species during ALI/ARDS, and it has been demonstrated that, when oxidized, SP-B loses its surface tension-lowering activity (30) . Using SP-B oxidized by hypochlorous acid, we examined the impact of oxidation on the ability of SP-B to inhibit sPLA 2 -mediated hydrolysis. Using a concentration of PLA2G1B that yields moderate hydrolysis of surfactant vesicles, we discovered that equal concentrations of oxidized SP-B (H-SP-B) did not inhibit hydrolysis (Fig. 7) . In fact, hydrolysis of surfactant vesicles was enhanced in the presence of H-SP-B, an unexpected but consistently observed and significant result (P Ͻ 0.05).
DISCUSSION
To examine the potential impact of the essential hydrophobic SP, SP-B, on hydrolysis of pulmonary surfactant by sPLA 2 , three distinct surfactant preparations were examined: 1) animal-derived surfactants with varying levels of SPs, 2) SP-B supplementation of a modified bovine surfactant with minimal endogenous SPs, and 3) SP-B supplementation of synthetic lipid mixtures containing PC and PG. PLs in the form of lipid vesicles (or aggregates) were studied in all three surfactant preparations, and PLs in films at an air-liquid interface were studied using synthetic lipid mixtures supplemented with SP-B. The cumulative results from these models revealed highly consistent results that indicate susceptibility to PL hydrolysis is inversely correlated with SP-B levels. These findings suggest that SP-B plays an important role in protection of alveolar surfactant from sPLA 2 hydrolysis including PLs found at the air-liquid interface and in the subphase of the alveolar lining fluid.
The overall consistency of these results with lipids in both vesicular and monolayer structural conformations is an important observation. These findings indicate that, once secreted, sPLA 2 within the alveolar space is capable of hydrolyzing pulmonary surfactant PLs within both the aqueous subphase and at the alveolar air-liquid interface and that SP-B provides an important protective effect, when present. The studies examining PLs in a monolayer conformation (Figs. 5 and 6) also highlight the critical role that surface pressure plays in determining susceptibility of the PL to hydrolysis. Hydrolysis of PL monolayers by Group IB sPLA 2 did not occur at or slightly above a surface pressure of 30 mN/m. Although this represents a relatively low surface pressure, it is important to note that there is a broad range of surface pressures during the dynamics of the respiratory cycle with the lowest surface pressures sustained at the peak of inspiration. This range of surface pressures increases dramatically with even lower surface pressures (higher surface tensions), achieved as a result of surfactant damage driven by the acute inflammation characteristic of ALI/ARDS. Our results would suggest that the concomitant depletion of SP-B seen in ALI/ARDS (27) only serves to further enhance the vulnerability of surfactant PLs to sPLA 2 -mediated hydrolysis by altering the surface pressure threshold at which hydrolysis can be initiated.
The importance of SP-B protection is even further emphasized by the data highlighted in Fig. 7 in which alterations in SP-B through oxidation lead to loss of its ability to inhibit sPLA 2 hydrolysis of vesicle PL and apparently enhance hydrolysis. Although oxidized SP-B alone may not account for all increased hydrolysis seen in these experiments (we cannot exclude the presence of oxidized PLs), these results highlight the requirement that SP-B be intact and fully functional to achieve its protective effects (30) . When measured in clinical samples, SP-B levels are not assessed for viability and cannot be used to differentiate between intact SP-B and abnormal SP-B that has been altered through oxidation or via additional inflammatory mediators (e.g., serum proteases). Therefore, levels of intact SP-B in ALI/ARDS may be even lower than currently assumed and, if damaged, may be more potentially detrimental by increasing susceptibility to hydrolysis. In addition, mutations of SP-B have been demonstrated to be lethal in both knockout mouse models and human newborns (11, 12, 19, 20, 28) . On the basis of our results, it is interesting to speculate whether these mutations might increase susceptibility of the endogenous surfactant to sPLA 2 -mediated damage and whether this mechanism may be an important contributor to the ensuing progressive respiratory failure and death.
Our results also provide insight into the relative protective effect of SP-B vs. the effect of the other SPs. As mentioned previously, studies have demonstrated the protective effects of SP-A against sPLA 2 -mediated hydrolysis. Our results in Fig. 1 demonstrate that the combination of hydrophobic SPs (SP-B and SP-C) in extracted OS provide significant protection for both PG and PC hydrolysis in the absence of hydrophilic SPs even at low enzyme concentrations. When present in the complete OS, hydrophilic proteins provided significant additional protection beyond that of the hydrophobic proteins only at higher enzyme concentrations. Furthermore, the results of bovine SP-B and human SP-A (from patients with alveolar proteinosis) supplementation to Survanta (Fig. 3) demonstrate that both provide significant protection against PG hydrolysis. Whether SP-A harvested from animal sources differs from that of humans with pulmonary alveolar proteinosis is unknown (2) . The relative protective effects of SP-B vs. SP-C or the potential for additive/synergistic effects between SP-B and SP-C is not addressed in these studies. The data provided in Fig. 1, A and B , suggest potential additive/synergistic effects between the hydrophobic and hydrophilic SPs, but further studies are needed to fully characterize those potential interactions.
The protective effect of SP-B toward the individual PL subclasses within pulmonary surfactant appears to be nonspecific with protection toward PC and PG in all of the tested surfactant preparations. Although it is tempting to compare the relative impact of SP-B on PC vs. PG hydrolysis in these experiments, the studies were not designed to measure direct enzyme kinetics, as hydrolysis was measured at a single fixed time interval after introduction of the enzyme. Also, the predominance of PC (4 -8-fold) in each of our surfactant preparations must also be taken into account when interpreting data that reports percentage of hydrolysis of the labeled substrate. It is important to note that the protective effect of SP-B is not limited to PG, despite the presumed important interaction between SP-B and PG in achieving optimal surface tensionlowering activity.
As we have previously demonstrated, PLA2GIB possesses the ability to hydrolyze all three of the major PL subclasses within pulmonary surfactant (PC, PG, and PE) (23) . For this reason, PLA2GIB was selected for these initial studies, which aimed to assess how general were the effects of SP-B reduction on hydrolysis by sPLA 2 . Although PLA2GIB is a human pancreatic sPLA 2 that may account for increased sPLA 2 activity in ALI/ARDS cases associated with pancreatitis, it does not likely account for the majority of increased sPLA 2 activity in either the bronchoalveolar lavage fluid or serum of the majority of ALI/ARDS cases not associated with pancreatitis (35) . PLA2G1B was cloned from lung tissue (46) and was reported to increase in both stimulated Type II cells maintained in tissue culture (3) and in murine epithelial cells in response to Pseudomonas aeruginosa (1) . However, we and others have demonstrated that PLA2G2A is increased in both serum and lavage fluid in ALI/ARDS and also strongly correlates with PG hydrolysis activity in the bronchoalveolar lavage fluid (see Ref. 44) . The present studies demonstrated that SP-B inhibited PLA2G2A as well as PLA2G1B in the pure PL vesicle model at concentrations with equal potency to hydrolyze PG. Inhibition of hydrolysis by SP-B appears to apply to sPLA 2 other than PLA2G1B.
Naturally, these results raise questions regarding the potential mechanisms by which SP-B limits sPLA 2 -mediated hydrolysis of surfactant PLs. The answers to those questions are potentially multiple and may include interactions between all three reaction components: the sPLA 2 , the PL substrate, and SP-B. After consideration of these potential interactions, we speculate that the two most probable mechanisms are a direct effect of SP-B on the sPLA 2 and the effect of SP-B on the physical structure of the lipid making it a less suitable substrate. Although the results reported do not provide evidence to support final conclusions, we believe they provide important preliminary insights toward addressing these questions.
The first mechanism, a direct interaction of SP-B with sPLA 2 that blocks activity, such as seen with the interaction of water-soluble SP-A and a different class of sPLA 2 (2, 6), appears remote. This conclusion is based on our finding that monomolecular films can be hydrolyzed in the presence of SP-B at a rate comparable to that seen in the absence of SP-B (Fig. 6) . The effect of SP-B in this case is to shift hydrolysis to a lower surface pressure.
The second possible mechanism is supported by a number of studies on the influence of SP-B on the physical state of the lipid substrate. Intact SP-B has been shown to cause fusion of PL vesicles producing a heterogeneous population of larger particles. We used dynamic light scattering to determine the effect of SP-B (1% of mass) on PL vesicles as used in the experiments in Figs. 2 and 7 . Addition of SP-B caused changes in substrate vesicle diameter, which averaged 140 nm for PL alone (range of 40 -500 nm), increasing to a range of 400 -1,300 nm for PL plus SP-B (not shown). This increase in size and heterogeneity is consistent with published results (9) . This action of SP-B is thought to be part of its physiological function in the formation and maintenance of surfactant. Another action of SP-B is to cause a shift in the PL organization within the vesicle. Using the NH 3 -terminal fragment, 1-25, of SP-B, Farver et al. (9) showed that DPPC/POPG vesicles were composed of both liquid crystal structures and an isotropic component, usually associated with micelle, as determined by nuclear magnetic resonance spectroscopy. On the basis of the size of these particles, however, a micellar structure was ruled out. Similar features were also reported for a COOH-terminal fragment of SP-B. On the basis of the shift in size seen by us and by Farver et al. (9) , it is reasonable to assume that the substrate particles used in this study are composed of a mixture of phases. The shift in the relative amounts of these phases produced by SP-B may lead to the inhibition we report here.
The effect of SP-B on hydrolysis of monolayer films is somewhat more complex because we observed a shift in the pressure dependence rather than an inhibition. In part this can be explained by the study of Pattus et al. (39) . Using a radiolabeled pancreatic PLA 2 , they found that the pressuredependent association/disassociation of the enzyme from the film controlled activity. From that, we suggest that SP-B is producing a change in the structure of the film that controls PLA 2 binding to the film. This could be mediated through phase changes in film structure such as that noted by Takamoto et al. (48) . Monomolecular films made of PC and PG have multiple phases that include a gas phase at the lowest pressures, liquid expanded and liquid condensed phases at moderate pressures, and a solid condensed film at high pressures. They demonstrated that SP-B (1-25) partitioned into the PGrich liquid-expanded phase that remained attached to the film rather than being squeezed out. Because sPLA 2 preferentially hydrolyzes PG, this associated PG-rich region could be a target for the PLA 2 at low pressures occurring after the reexpansion of the film, as done in our experiments. This speculation demonstrates the complexity of determining the effect of SP-B on hydrolysis of monomolecular films. However, our results thus far point the way for future work on establishing the action of PLA 2 s on PLs in different physical states that are regulated by SP-B in the lung.
That oxidation of SP-B produced a stimulatory effect on hydrolysis was unexpected. While not pursued in depth, light scattering data of the native vs. oxidized forms of SP-B show that the oxidized form contained the largest and most complex populations of vesicles (three populations with means of 165 nm, 1,952 nm, and Ͼ5,000 nm diameters). Thus addition of SP-B or oxidized SP-B caused different effects on the particle sizes and most likely the physical organization of the components. We believe that this indirect evidence further supports our present interpretation that the inhibitory effect of SP-B is mediated through its interaction with the PL.
In summary, our studies utilizing a variety of SPs consistently demonstrate that SP-B, an essential hydrophobic SP, provides protection from sPLA 2 -mediated hydrolysis. This protection appears to be important for both major PL subclasses in pulmonary surfactant (PC and PG) and for surfactant PLs in both vesicle and monolayer forms, which are present, respectively, in the alveolar lining fluid and at the alveolar air-liquid interface. Protection by SP-B appears to be as important, if not more important, than the protection provided by the most abundant hydrophilic SP, SP-A. Further studies are needed to fully define the mechanism of SP-B inhibition, synergy between SP-B and other SPs, and the spectrum of SP-B protection against multiple PLA 2 subclasses.
